In this paper we develop a decision tool that is based on real options analysis and that supports flexibility investment decisions concerning conventional lignite-fired power plants. The value of the power plant is influenced both by technical and economic variables, the latter including subsidies. The four-step approach proposed allows to determine the optimal operation strategy in light of electricity and fuel price developments, to simulate the project value, to determine the binomial lattice of the expected project value, and finally to infer the optimal management decision (based on the option to choose). For the case of an existing lignite-fired power plant in Germany, we find that the plant can be operated profitably without any modifications until the end of its technical lifetime only if current government subsidies persist. In the absence of subsidies, however, it is preferable to stop operation immediately. The analysis also shows that profitable reinvestments in a number of flexibility retrofit measures are possible, the ranking of which depends, however, on the costs related to the retrofitting measures and their implementation time.
Introduction
The current situation in the German energy market can be characterized in brief as follows: extensive government promotion of renewable energy sources (Erneuerbare-EnergienGesetz -EEG), a rapidly increasing share of renewable electricity, a decrease in electricity wholesale prices, difficulties in the profitable operation of conventional power plants, and unfavorable conditions for new investments (especially in conventional power generation). The underlying driving process of these facets is the sustainable energy transformation referred to as "Energiewende". The fundamental question, especially for electrical energy providers, is that of what the future electricity market will look like. Which electricity market design will be able to ensure the security of power supply, to cover the production costs, and to enable innovation and sustainability, when a large share of the electrical power is derived from intermittent renewable energy sources?
According to the German Federal Ministry for Economic Affairs and Energy (BMWi), the existing electricity market needs to be converted into an "electricity market 2.0". In this new concept the conventional power plants will be assigned a new role of complementing the renewables (so-called "back-up capacities" to cover the variability of net electricity demand), and will be remunerated by the market mechanisms introduced (BMWi, 2015) . In this context the flexible and efficient operation of the conventional power plants will become more important for their owners as well as for the entire electricity system. But what does "flexibility" mean with respect to a power system? According to IEA (2014, p.23 ) "In its widest sense, power system flexibility describes the extent to which a power system can adapt the patterns of electricity generation and consumption in order to maintain the balance between supply and demand in a cost-effective manner. In a narrower sense, the flexibility of a power system refers to the extent to which generation or demand can be increased or reduced over a timescale ranging from a few minutes to several hours in response to variability, expected or otherwise. Flexibility expresses the capability of a power system to maintain continuous service in the face of rapid and large swings in supply or demand, whatever the cause. It is measured in terms of megawatts available for changes in an upward or downward direction."
In other words, with respect to power generation, the flexible operation of power plants means the ability to react to a change of situation. The greater the speed of this reaction, the higher the flexibility needed. Because in the traditional context, the flexibility of the power system is associated with immediately dispatchable generators, the major potential resources -flexibility options -that may be used for balancing between demand and supply are: (1) energy storage availability; (2) demand-side management (DSM) and response; (3) grid infrastructure (its upgrading or renovation, which enhances transmission interconnection capacity to adjacent power systems) -to export surplus, or to import supplementary power; and (4) flexible power plants, whose flexibility can be enhanced through retrofitting or new construction (see Figure 1 ).
Figure 1: Categories of system flexibility options
Source: Ecofys (2014), adapted
Apart from the technical availability of the flexibility options, the way in which these are operated is also important, i.e. how the technically existing flexibility is actually supplied when it is needed. Power plants are more flexible if they can: (1) start their production at short notice; (2) be operated at a wide range of different generation levels; and (3) quickly switch between different generation levels (IEA, 2014) . In the case of conventional power plants, such as lignite-fired power plants, the increase in flexibility can either be achieved through the construction of new power plants designed for optimal flexibility, or through retrofit measures applied to existing power plants. The construction of a new power plant today is rather unlikely, because of excessive payback periods (of about 30 years), high investment costs, risks, and the uncertain role of conventional fossil-fueled power plants in the German energy transition process. The demolition costs of existing power plants are about 5% of the investment costs (Blesl et al., 2012) . The most frequently used option, which enables a more flexible operation of power plants, is the retrofitting of an existing power plant, requiring specific reinvestments in already operated power plants.
Such reinvestments incur some extra costs (depending on the retrofit measure, up to 25-30% of the construction costs of a new power plant, see FDBR, 2013) related to a more efficient operation of the power plants, which may or may not bring economic benefits to the power system as a whole. Thus, the relevance of retrofit projects with a shorter payback period is higher.
The investigations of the investments in the flexibility options can be undertaken using real options analysis (ROA) instead of the traditional now-or-never discounted cash flow (DCF) analysis. ROA applies option valuation techniques developed in finance (Black and Scholes, 1973; Merton, 1973) . The extension of this method to "real assets" was proposed by Myers (1977) and also by Dixit and Pindyck (1994) and others. Applying options theory to "real assets" they extend its application to decision-making processes under uncertainty. Moreover, ROA -compared to now-or-never discounted cash flow analysiscan take managerial flexibility appropriately into account. Since the 1990s, ROA has been applied in order to support decision making processes in many different industries and also in the energy sector (see Fernandes et al., 2011 for a useful review) .
In this study we adapt the model proposed by Deng and Oren (2003) as well as taking advantage of our previous studies regarding disinvestments and reinvestments (Glensk and Madlener, 2015) in already existing power plants. Our contribution does not have a methodological character; rather, we develop some kind of procedure which can support decision-making process and in our case give answers to the following four questions: (1) Can lignite-fired power plants be operated profitably without any changes until the end of their lifetime? (2) How can existing lignite-fired power plants be made more flexible (and thus profitable)? (3) Which flexibility options for lignite-fired power plants can be taken into consideration? and (4) What is the optimal investment time for these flexibility options?
The remainder of this paper is organized as follows. Section 2 provides a short literature review regarding the use of ROA especially for power plant valuation. Section 3 presents the proposed model for retrofitting existing power plants based on the option of choosing. Section 4 gives a brief overview of possible flexibility options for lignite-fired power plants. In section 5 the case study is introduced, and the results illustrate the application of the proposed procedure for two selected retroffiting measures. Section 6 concludes.
4
Most investment opportunities in real assets (such as: buildings, equipment, plant or power plant, etc.) involve options in themselves. Unfortunately, the valuation process of these options is rather difficult using traditional capital investment techniques such as net present value. In contrast, ROA, which applies option pricing theory, is a useful valuation technique for supporting the decision-making process with the investments in real assets. A somewhat dated but interesting and useful review of the current state-of-the-art in the application of ROA in the energy sector (for different generation technologies) is provided by Fernandes et al. (2011) . In their paper the authors begin with basic principles of real options theory, which include the definition of real options, their common types, and valuation methods. The authors demonstrate various application fields of ROA, such as the oil industry, power generation, energy markets, as well as greenhouse gas emission mitigation policy. Moreover, they compile the table with different studies which use ROA solved by applying different real options solution methods, such as: partial differential equation modeling, binomial option valuation, Monte Carlo simulation, and dynamic programming. Finally, the authors point out the considerable need for further research and the application of ROA to renewable energy sources.
Due to the promotion of renewables, the conventional generation technologies face difficulties in the profitable operation and are confronted with the question about further operation. Glensk and Madlener (2015) use ROA to determine the optimal time to continue or stop the electricity generation by conventional power plants (disinvestment option). However, the question can be reformulated. Instead of asking when the operation of the power plant should be stopped, it can be asked how the flexibility of the power plant can be improved in order to be able to continue power plant operation. To answer this research question, apply the option to invest, and investigate possible retrofitting options which can improve the flexible operation of gas-fired power plants. The authors tackle the question of when investments in flexibility measures should take place, if at all.
In the context of our research questions, and the application of a real option to choose, Gatfaoui (2015) considers a firm which has to choose between different energy sources to run its business. The choice is between crude oil and natural gas, and the goal is to minimize energy or production costs of the firm. The author finally proposes the use of the option to switch from crude oil to natural gas, which allows the establishing of a hedging strategy. Another interesting application of the real options approach can be found in de Oliveira et al. (2014) , where the authors analyze the feasibility of installing a cogeneration unit in an industrial plant in Brazil. This investment should make the firm more flexible and should allow it to make a choice between an increase in production or the generation of surplus energy which can be sold in the short-term electricity market. This study is a very good example of ROA being applied in the context of flexibility improvements.
Regarding possible flexibility improvements of different technologies as well as different parts of the energy system (see Figure 1) , a comprehensive overview is provided by Ecofys (2014) . In this report, the authors present flexibility requirements necessary for the transition to power systems with high shares of variable renewable energy sources (VRES). Moreover, the report provides an overview of the broad spectrum of flexibility options for different generation technologies and their advantages, but also identifies key barriers to their deployment. In contrast, Maaß (2013) presents a useful review of flexibility measures for thermal power plants with realization time, costs of installation, as well as the different aims which can be achieved by their application.
Taking into account the lessons learned from the different studies as well as information about retrofitting measures enhancing the flexible operation of a power plant, in the following we propose a new valuation model for lignite-fired power plants based on real options approach and using an option to choose.
3 Option to choose model for lignite-fired power plants In real options theory, different types of options (to invest, defer, abandon, switch, grow, choose, contract, shut down, expand) or multiple interacting options, etc. can be considered at various stages of a project's lifetime. Also, for the flexible operation of a power plant, ROA -and especially the application of the option to choose -seems to be justified. With the option to choose, the decision-maker has the possibility to decide between different decisions depending on the development of the market situation. In the proposed model three situations (options) are distinguished: (1) the further operation of the power plant without any changes (option to continue); (2) reinvestment in technical measures which increase the flexible operation of the power plant (option to expand ); (3) disinvestment (option to abandon).
Real options models can be solved by applying different solution approaches, such as partial differential equations with a closed-form model, simulations, or the binomial lattice method. Depending on the style of the option (e.g. American-or European-style, call 6 or put, Bermuda (see Franzen and Madlener (2016) )), and the formulation of the real options model, one of these solution methods should be applied. The binomial lattice as an option pricing model is based on the simple formulation that the price of the underlying asset, in any time period, can move to one of two possible new stages ("up" or "down") with certain probabilities. It is a common method applied for American-style options. The major advantages of the binomial lattice method are: (1) its ease of use and better tractability; (2) its flexible use for different types of real options problems. The closed-form (Black-Scholes) approach, in contrast, can only be applied to European-style options. This method is also considered as the limiting case of the binomial approach. The application of this method is justified if the distribution of the underlying asset is normal and if the price trajectory of the underlying asset is continuous and has no jumps. Monte Carlo simulation methods are used especially for high-dimensional option models, i.e. when the model incorporates multiple sources of uncertainties. Applying the Monte Carlo simulation method, the differential equations describing the process of the sources of uncertainties are no longer needed because their "physical" processes can be directly simulated. However, this method is computationally expensive.
Note that the proposed model for the option to choose is the American-style option, i.e. it can be exercised at any time. In such a situation, it is more adequate to apply the binomial lattice model compared to the closed-form model, the latter of which allows only one exercise date. Furthermore, the proposed model is not a simple set of equations, but rather a procedure which supports the decision-making process. In the case of the investigation of the flexibility options for power plants, the model consists of several steps: (1) determination of the operation strategy; (2) simulation of the expected value of the project (i.e. underlying asset); (3) definition of the binomial lattice of the underlying asset; and (4) definition of the binomial lattice for the option to choose.
Determination of the optimal operation strategy
For the determination of the operation strategy, the operational load level of a power plant for each hour needs to be defined. In the proposed model the application of the dark spread, as the profitability indicator and source of uncertainty, and its comparison to the marginal cost of the technology (M CT ) are used to find the optimal operation strategy of the power plant 1 . The dark spread (Spread t ) defines the difference between the electricity price and the fuel price regarding the load-level-dependent net efficiency factor:
where P elec,t and P f uel,t denote the electricity price and the price of the fuel (in our case, lignite), respectively, η(load) is the load-level-dependent net efficiency of the power plant, where load = [load max, load min], and
The dark spread defined in eq. (1) is evaluated using the arithmetic Brownian process 3 ,
and its values are compared with the marginal cost of the technology for some given operation load level (M CT spread, load ) which is based on the approach proposed in Traber and Kemfert (2011) and defined as follows:
where P CO 2 denotes the mean value of CO 2 price, e spec is the specific emission factor for the fuel used in the power plant, OM var denotes the variable operation and maintenance costs, and η(load) is the load-level-dependent net efficiency of the power plant. Assuming, for simplicity, that only three possible operational load (output) levels exist, i.e: load = [load max, load min, 0], the operation strategy of the power plant can be defined as:
where Spread abm,t is the dark spread modeled as an ABM process, op level is the operational load level whose values can be: load max -the maximal operational load level (equal to 100% of installed net capacity), and load min -the minimum operational load level at which the power plant can be operated, and zero (for no operation). The minimum load level achievable today is at about 60% of the installed power; for 2 We assume in our case study that β = 0.5. 3 The arithmetic Brownian motion (ABM) process is an alternative to the standard geometric Brownian motion process typically used in ROA which, in contrast to the GBM process, enables negative prices to be taken into account. For the long-term evolution of the dark spread, an ABM process (S t ) is defined as: S t = S t−1 + αdt + σdZ t with a constant drift (α) and volatility (σ), and Z t representing a standard Brownian motion process. For more information, see Alexander et al. (2012, p.122) and Glensk and Madlener (2015) .
the state-of-the-art technology it is about 50% of installed power, and the best achievable level presently lies at about 40% (Brauner, 2012; Hille, 2012) .
Monte Carlo simulation of the expected project value
In the second step of the proposed procedure, the defined operation strategy is used for the cash flow (CF t ) calculation and the Monte Carlo simulation of the expected project values (E(P V )). The expected project value is calculated for an existing power plant without any retrofit measure (i.e. some technical element which can improve the flexible operation of the power plant), and with a particular retrofit measure, according to the formula:
where OM f ixed,t represents fixed operation and maintenance costs, Dep t denotes depreciation, the weighted average cost of capital (WACC) is used as the discount rate, and CF t is the cash flow calculated by taking into account the forecasted operating load levels from the first step of the procedure, CO 2 price development (P CO 2 ) and variable operation and maintenance costs (OM var ). Start-up, shut-down, as well as marginal ramp-up costs (c ramp-up ), decomposed into the ramping fuel requirement (rf ) and decreased depreciation due to ramping (d), are given as follows:
and also taken into consideration (cf. Traber and Kemfert, 2011) . More details regarding the calculations of CF t for different load levels can also be found in Glensk and Madlener (2015) .
Binomial lattice of the underlying asset
Some assumptions regarding the underlying asset are necessary to use the binomial lattice approach as a solution method for our real options model. In our case the project value at time t (P V t ) defines the underlying asset, whose distribution parameters can be obtained from the Monte Carlo simulation (see Section 3.2). Assuming a normal distribution of the expected project value, the "up" and "down" movement parameters are defined as follows:
and down = e
with σ as the associated volatility and ∆t as the incremental time. Figure 2 illustrates the binomial lattice of the project value (P V t ) and how its value changes over time. Furthermore, it is assumed that the investors are risk-neutral and that the "up" and "down" movements occur with probabilities prob and (1 − prob) respectively, which take the value between 0,1 and sum up to unity. It has to be noticed that in ROA the values of the underlying asset are very often non-traded. The adequate formula for the prob value calculation in such a situation is given as follows:
where K is the risk-adjusted growth factor of the non-traded underlying asset (cf. Guthrie, 2009, pp.33-38) .
Binomial lattice for the option to choose
In the last step of the proposed model, the binomial lattice of the underlying asset is used for the backward calculation of the option value (binomial lattice with option value).
The calculation begins at the last period (t = T ) on the lattice of the underlying asset, and the option value for each time is equal to the maximum between the continuation, abandonment, or expansion values given as follows:
where
P V t+1,up and P V t+1,down denote the project's present values after an "up" or "down" movement in the subsequent time period t + 1, respectively, and rf the risk-free interest rate. The DisinvestmentF actor in eq. (12) is related to the technology and, the coal-fired power plants, about 5% of the new investment (InvCosts) (Blesl et al., 2012) . The ExpansionF actor in eq. (13) is the difference between the expected power plant value with and without the retrofit measure.
Flexibility options for lignite-fired power plants
According to BMWi (2015) , the lignite-fired power plants in Germany will constitute socalled back-up capacities in the "electricity market 2.0" and ensure security of supply through their flexible operation. The flexible operation of the power plants is constrained by the technical restrictions of those technologies, and defined by ramping capability, minimum load, as well as must-run requirements (Ecofys, 2014) . Furthermore, each conventional power plant has a certain flexibility in its original design which can be divided into three properties: (1) time of the shutdown and startup; (2) minimum load; and (3) load gradient. The reduction by the time of the shutdown and the startup can be achieved by the application of various technical measures and an increase in the flexibility of the power plant. In the case of the minimum load, it may be economically preferable to operate at minimum load, accepting a short period of losses, if the market price is below the minimal marginal production costs, rather than to shut down the power plant for this time period. By reducing this level, periods of operation become feasible that were prevented by a few hours with low prices within a sequence of hours with profitable prices. Therefore, decreasing of the minimum load is desirable. Furthermore, the increase of the load gradient makes the individual load cycles faster and thus better adapted to the volatile electricity prices. Based on these properties as well as the list of measures proposed in Maaß (2013) , the following important effects of retrofit measures to increase flexibility can be considered:
1. Reduction of the shut-down and start-up time -can be achieved by: an increase in the performance of the coal-grinding plant; external steam heating or equipment for keeping hot gas carrying components hot (e.g. air preheater); circulation mode for keeping the minimum mass flow density on the water/steam side in the evaporator; or improvement of the measurement and control technology.
5. Increase of the load gradient -can be realized by: an increase in the number of parallel steam lines through higher quality materials and reduction of the wall thickness (only for new build); the optimization of the preheating by use of gas turbines for preheating the feed-water; the thermal storage system in the low-pressure and highpressure preheating; the indirect firing system by additional pulverized coal storage between the mill and the burner; the warming facilities for the steam turbine and other steam-carrying components of the water/steam cycle.
With these individual measures, or a combination of these measures, the flexibility of conventional power plants can be increased. Nevertheless, the limits of measures to increase flexibility are not only dependent on the economy; some measures may additionally encounter technical or politically established boundaries. From a technical point of view, for example, lowering the minimum load increases the risk of combustion instabilities on the firing side. The furnace of a coal-fired power plant has often more than one mill and each burner has a stable firing system down to a power level of about 50%. In the situation where a mill exceeds this limit, it has to shut down, and the power of the remaining mills has to rise so that the remaining mills are able to achieve a stable fuel combustion. When decreasing the minimum load, the change to the one-mill operation is necessary, which is considered to be a security risk because of problems such as blow-off of the flame. The other possibility is the bypass mode. Here, the hot steam from the superheater is again redirected to the preheater train instead of to the turbines, and each burner can be operated with a stable combustion, and the minimum load can be decreased further. Of course, the losses are very high for this procedure for as long as the market price is positive. Furthermore, each increase in the flexibility is accompanied by a lifetime consumption change of the inflicted components. In general, the power plant will be charged more, for example, through frequent load changes, so that the lifecycle of the power plant decreases (Litau, 2015) .
Regarding the policy side, to preserve the required flexible dispatchable fossil power plant capacity for providing the residual load, incentives for investments in flexibility must be present. The current market design in Germany, which is based on the merit order and the energy-only market, will encounter some problems if the generation of renewable energies in the coming decades exceeds the demand for electricity more often. In such a situation, the spot market price will drop sharply because the marginal costs 4 of wind and solar energy are almost zero. For that reason, adequate policy measures are necessary to 4 Note that the marginal costs do not contain capital costs of the technology.
promote competition in the generation market, and the current energy system should be modified such that investments (reinvestments) in options that enable the balancing of the supply of fluctuating renewable energies become profitable (Litau, 2015) . From the economic point of view the retrofit measures are less complex and faster to realize than new investments, but also expensive (typically about 30% of new investments; Maaß, 2013) . Already comprehensive retrofitting can be realized in two years but the costs depend on the power plant component where the retrofit measure should find application. Table 1 gives some examples of the estimated costs and realization times of different retrofit options applied in different parts of the thermal power plants, and the improvements that can be achieved regarding the increase of the flexibility of the power plant (more details about different technical solutions can be found in Plewnia, 2014, pp.42-53; Maaß, 2013) .
Case study
Considering the federal state of North Rhine-Westphalia (NRW) -Germany's "Energieland" and "Industrieland" No.1 -the lignite-and hard-coal-fired power plants are still the dominant power and heat generation technologies (almost 11 GW of installed net capacity of lignite-fired power plants and more than 11 GW of installed net capacity of hard-coal-fired power plants, see BNetzA, 2015) . Their flexibility is key for the reliable operation of the whole power system and the security of supply for existing industries as well as households. For that reason, the real options model proposed was applied to the one existing lignite-fired power plant in NRW -Goldenberg, owned by RWE -to analyze the economic viability of investments in retrofit measures that can increase the flexibility of the power plant. All information and techno-economic data used in the case study were obtained from the available information about this power plant on the BNetzA and RWE websites, as well as from literature research. Table 2 reports on the data used for the real options analysis. (2010) Furthermore, the ROA is undertaken on an hourly basis to capture the impact of the flexibility measures. The number of hours needed for the start-up, as well as the ramp-up costs have to be taken into account.
For a typical lignite-fired power plant today the start-up takes about 6 hours when the power plant has been turned-off for less than 8 hours. In a switch-off situation of more than 48 hours, the start-up takes approximately 10 hours. Depending on the state of the technology, the times needed for the start-up are 4 and 8 hours, respectively, but the optimization potential lies at 2 and 6 hours (Brauner, 2012; Hille, 2012) .
The start-up costs depend on the state of the power plants i.e. how long the power plant was shut down for. We refer to a "hot start" when the lignite-fired power plant has been switched off for less than 12 hours. In this situation the start-up costs are 63 e/MW. For a so-called "warm-start" (the power plant has been switched off for more than 12 but less than 72 hours) the start-up costs are 84 e/MW. In the situation where the power plant has been switched off for more than 72 hours, the "cold start" of the power plant is needed, with start-up costs of 123 e/MW (Götz et al., 2014) .
It is assumed that the ramp-up costs are constant for a given technology. They are calculated according to eq. (7). We assume rf = 6.2 kWh/kW for the ramping fuel requirements and d = 3 e/MW for the depreciation of the ramp-up costs, which are assumed to be 102.51 e/MW, following Traber and Kemfert (2011) .
Subsidies
In order to bring a new technology into the market and make it profitable, governments around the world try to support the development of such technologies by using different preferential treatments (subsidization). In Germany, the Act on Granting Priority to Renewable Energy Sources (Erneuerbare Energien Gesetz -EEG) promotes development of technologies for the generation of electricity from renewable energy resources. But also conventional technologies, such as lignite and hard-coal power plants, are supported by the German federal government in order to make them profitable. As was found by Küchler and Wronski (2010) , the last four decades' substantial subsidies, amounting to $538 billion between 1970 and 2014, were directed toward lignite and hard-coal power generation, whereas subsidies for renewables were estimated to amount to only $130 billion over the same period.
The subsidization of lignite power plants can take different forms. We can distinguish between subsidies which have a direct effect on the public budget, e.g. direct financial aid and tax reduction, or indirect effects (so-called implicit support) and external costs. The broad range of different studies and reports -such as Lechtenböhmer et al. (2004) , Storchmann (2005) , Küchler and Meyer (2010) , Meyer et al. (2010) , Wronski and Fiedler (2015) , or van der Burg and Pickard (2015) -give a more detailed overview of the exact form of these subsidies as well as what they financially amounted to over the last decades.
Regarding the already existing power plants it is very difficult to find out which kind of subsidies they have received. For that reason we assume in our analysis that the subsidies for lignite-fired power plants amount to 1.1 e-ct/kWh (see Küchler and Meyer, 2010; Küchler and Wronski, 2010) . Figure 1 shows that the flexibility options can be subdivided into different groups, such as spatial flexibility options (regarding the electricity distribution network), storage, or temporal flexibility options (for the supply and the demand side) (Connect, 2014) . However, regarding the supply side of the energy system, the most frequently used flexibility options are retrofitting measures, i.e. reinvestments in the technical components, which can improve the flexible operation of the power plant and make it better applicable in a new energy system dominated by variable renewable energy resources.
Examples of flexibility measures
One of those improvement possibilities is the reduction of the minimum load (see Section 4). The part-load efficiency as well as the minimum load can be improved by a stabilized firing, and additionally, creates the possibility for power plants with long start-up sequences to take part in the balancing market, because of the reduced reaction time when increasing the load level after operating at minimum load. To achieve these improvements for the lignite-fired power plant, the reinvestments in mill, burner parameter, flame detector, firing system, or cooling flow reduction can be undertaken.
The first considered improvement is related to the reinvestments in the firing system, which are very complex and can improve not only the minimum load of the power plant but also have other effects (see Table 1 ). The costs associated with these measures are about 30% of the investment costs in a new power plant; additionally, the power plant needs to be shut down for several months.
A second group of retrofit measures analyzed in this case study which can improve, for instance, start-up speed, minimum load level, or life expectancy (for more effects, see Table 1 ), are improvements in the steam turbine and water steam cycle. The costs of such a reinvestment are estimated to be about e1-5 million, and the shutdown time is significantly lower.
Results from the case study
In the first step of the analysis, the operation strategy of the power plant is determined using the dark spread as a profitability indicator and source of uncertainty according to the simplified method presented in Section 3.1 5 . Figure 3 presents this strategy for two selected months. For the strategy for the month of February 2016, notice the interrupted operation of the power plant. Here, we see how often the power plant should be shut down and how often it should be operated on the minimum load level. For December, for example, Christmas time is also visible from the operation plan of the power plant. Here, it can be recognized how the operation plan of the conventional power plants can change because of a high penetration of renewable energy resources in the power market. Moreover, this defined simplified operation strategy presents the expected future role of the conventional power plants as back-up capacities. In this role more frequent shut-downs and start-ups by power plant operation are needed. Figure A .1 in the Appendix presents, for example, the operation strategy for each month in the year 2016. In the second step of the proposed procedure the expected project value of the power plant (see eq. (6)) is determined by using the simulated operation strategy of the power plant from the previous step. The calculations were done for six different situations presented in Table 3 . The situations depend on the considered minimum load level, which impacts the net thermal efficiency factor (η min ), and the inclusion of subsidies in the calculations. The maximum net thermal efficiency factor (η max ) for all situations is equal to 43%. The expected project values obtained for the so-called base situations, i.e. "Situation 1" -with subsidies -and "Situation 4" -without subsidies -define the underlying asset. Their distribution parameters are used for the calculation of the binomial lattice of the underlying asset. Using backward calculation, the binomial lattice for the option to choose can be determined by applying eq. (10). Here, the option value is defined as a choice between the three possible situations, i.e. the further operation of the power plant without any changes (option to continue), reinvestment in the retrofit measure to improve the flexibility of the power plant (option to expand ), and shut-down disinvestment of the power plant (option to abandon).
As mentioned above (Section 5.2), two different flexibility measures were analyzed to find out which is the best decision option. The first flexibility option concerns the reinvestment in the firing system, which improves the minimum load level of the power plant but is relatively expensive (see Table 1 ). The reinvestments undertaken in this part of the power plant increase the power plant's present value by about 12% if the minimum load level is reduced to 50% and by about 24% when the minimum load level is reduced to 40% (comparison of the project values from Situations 1 and 2 as well as from Situations 1 and 3). These changes can be observed for the case where the subsidies of the lignite-fired power plants are included in the calculations. In the case without subsidies the increase of the power plant's present value is only about 8% for the reduction of the minimum load level to 50% and about 15% for the reduction to 40% (comparison of the project values from Situations 4 and 5 as well as from Situations 4 and 6).
The decision obtained analyzing the first retrofit option when subsidies were included for each year is "continue", i.e. the further operation of the power plant without any changes. Even though the reduction of the minimum load level causes a significant increase of the power plant's present value (12% increase at min load level of 50% and a 24% increase at 40%), the maximal option value always corresponds to the decision "continue" (eq. (10)). The results were obtained for the situation where the minimum load level is reduced to 50% as well as to 40%. Figure A. 2 in the Appendix presents the more detailed development of the binomial lattices.
For the same retrofit measure but in the situation where subsidies are excluded from the analysis, the decision for all considered periods is to stop the operation of the power plant. This decision is reached for the reduction of the minimum load level to 50% as well as to 40%. The option value according to eq. (10) is always equal to the residual value (5% of total investment costs) which can be reached when the operation of the power plant is stopped. The power plant's present value calculated without subsidies is always negative, and the retrofit measures are unable to increase that value because the costs connected with this reinvestments are relatively high (30% of new build). The second flexibility option concerns the reinvestment in the steam turbine and water steam cycle. Also in this case the minimum load level of the power plant can be improved but the reinvestment costs are definitely lower, i.e. about e1-5 million (see Table 1 ). This kind of reinvestment increases the power plant's present value by about 12% when the minimum load level is reduced to 50%, and by about 24% when the minimum load level is reduced to 40%, including the subsidies in the calculations. Without subsidies, the increase of the power plant's present value is only about 8% for the reduction of the minimum load level to 50% and about 15% for the reduction to 40% (and thus the same as the results obtained for the firing system). Because the reinvestment costs of the steam turbine and water steam cycle are not as high, the results look different especially when the subsidies are taken into account. Moreover, the results differ slightly for the reduction of the minimum load level to 50% and to 40% (see Figures A.4 and A.5 in the Appendix).
From Figure A .4 in the Appendix it can be noticed that already in the first considered time period the reinvestments are suggested to improve the flexible operation of the power plant. Nevertheless, the last time periods considered in the analysis 6 result in the decision "continue". This difference depends on the simulated expected power plant values for the different periods in the future. There, one can also see when exactly the switch between the decisions "expand" and "continue" takes place (viz. between periods 13 and 14). Figure  A .5 in the Appendix presents the results for the same upgrading measure, but the min load level which can be achieved is 40%. In this case, for all considered time periods, the optimal decision is "expand". Analogically to the reinvestments in the firing system, the exclusion of subsidies from the calculations for the reinvestments in a steam turbine results in the same values and decisions, i.e. "stop" to operate the power plant (see Figure A. 3 in the Appendix). Also here, the exclusion of subsidies has a significant impact on the calculated power plant values. This provides evidence that in the changing situation in the energy sector and on today's electricity market, the expensive conventional power plants planned for baseload operation need financial support in order to be profitable with or without (flexibility) retrofitting options.
The overview of the results obtained in the analysis can be found in Table 4 . Here, it can be noticed that the reinvestment costs of the retrofit measures (Table 1 ) have a significant impact on the project values (see in the Appendix) and thus also the decision. Moreover, the negative project values always lead to the decision "stop" the generation, even when reinvestments in the retrofit measures are considered. Retrofitting investments increase the power plant's efficiency and its present value, but that is not enough to cover their costs. Regarding the situation when the project values are positive all three situations from the proposed real options model to choose can appear. For very small project values the relationship between project value and power plant's residual value is crucial. Here, the second market for power plants or the methodologies for the calculation of the power plant's residual values can be taken into consideration. For the decision "expand" two factors are particularly important: the reinvestment costs and the expansion factor.
The following conclusions can be drawn from the analysis of these two selected retrofitting measures: (1) the proposed procedure works as expected and can give different results depending on the considered retrofitting measures, and the development of the underlying asset which depends on the economic and technical parameters necessary for the calculation of the power plant value; (2) the reinvestment costs and realization time for the retrofit measures play a significant role regarding the decision; and (3) the inclusion of subsidies significantly impacts the value of the underlying asset (expected power plant value) and also the optimal decision. 
Conclusions and Policy Implications
Extensive promotion of renewable energy sources, an increasing share of renewable electricity, and decreasing electricity wholesale prices cause difficulties in the profitable operation of conventional power plants -also lignite-fired ones -in Germany. Such a situation is also not favorable for new investments. Moreover, in this context the security of supply becomes more important than before. This is also one of the fundamental aspects of the "electricity market 2.0" concept proposed in BMWi (2015) . In order to be able to achieve a positive contribution margin with an existing conventional power plant and thus to survive in the future "electricity market 2.0", the flexibility of conventional power plants needs to be adjusted to the new challenges. Flexibility is the ability of the remaining conventional generation system to provide the residual load, which is determined by the supply of variable renewable energy sources (Sander, 2012) . It is necessary to ensure both the security of supply and the integration of VRES into the electricity system. Because of the increase of electricity supply from fluctuating renewable energies, the importance of flexibility among the conventional power plants becomes significant.
As mentioned in the introduction, flexibility options do not only exist on the generation side, but also on the demand side, in the electric network and in the form of energy storage possibilities. In our study, we focused on the supply side only, i.e. on electricity generation. From this perspective, flexibility of power plants -in our case lignite-fired power plants -can be achieved by improving different parameters of the power plants through the implementation of adequate technical elements (see Section 4). For the decision about which technical measure should be implemented (and when), we applied a procedure based on the real options approach. Specifically, we developed a four-step procedure which allows us to simply determine the optimal operation strategy of the power plant by considering the development of the electricity and fuel prices, to simulate the expected project value, to define the binomial lattice of the expected project value, and finally to find the optimal management decision by using the option to choose (see Section 3).
Applying the proposed procedure to two selected retrofit measures, we can conclude the following:
• Lignite-fired power plants in Germany can be operated profitably without any changes until the end of their lifetime only if they are subsidized.
• Regarding the support system for lignite-fired power plants it can be observed that in cases where retrofitting options are not too expensive, and if the installation does not take too much time (especially when the power plant has to be shut down), they can increase the profitability of the power plant, as measured by the ExpansionF actor and the option value, respectively.
• Without subsidies the present value of the operated power plant becomes negative with and without a retrofit measure.
Furthermore, the proposed procedure was shown to constitute a useful tool for the decision-making process because:
• it allows the determination of a simplified operation strategy for the power plants;
in our case it shows the expected future role of lignite-fired power plants as back-up capacities (interrupted operation, electricity delivered on demand, and more shutdowns and start-ups);
• by using the real options approach, market uncertainties (such as the stochastic development of electricity, fuel, or CO 2 prices) can easily by incorporated into the model structure and can positively impact the decision-making process;
• it allows changes in the values of some parameters of the model, such as the subsidy level, and shows direct implications of policies and policy changes, which are important for market participants and their optimal decision-making.
The proposed procedure can be recommended as a useful tool in decision-making processes also for other technologies. Nevertheless, it would be beneficial to improve the first step, where the operation strategy of the power plant is determined, or to implement a user interface for those parameters which have to be defined for the power plant value calculations. Another option to improve the proposed approach is the possibility to integrate other flexibility options, such as energy storage, into the analysis. van der Burg, L. and Pickard, S. (2015) . G20 subsidies to oil, gas and coal production:
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